Abstract: We experimentally demonstrated a strain sensor based on fiber ring cavity laser with a photonic crystal fiber (PCF) in-line Mach-Zehnder interferometer (MZI) structure, which is used as an optical band-pass filter and acts as the strain sensing component. The fiber ring cavity laser plays the role of enhancing the visibility of the resonant spectrum and narrowing the corresponding 3-dB bandwidth, thus improving the comprehensive sensing performance. The induced axial strain on the structure is measured by monitoring the central wavelengths of the laser output. A high strain sensing sensitivity of 2.1 pm=" is successfully achieved in the linear strain range of 0-2100 ". A parameter Q value describing the overall sensing performance is introduced by including the strain sensing sensitivity, sensing sensitivity relative to 3-dB bandwidth of the resonant spectrum and the corresponding visibility. Comparing with the reported strain measurements based on a PCF in-line MZI structure, the experimental results based on fiber ring cavity laser sensor present more than nine times larger Q value.
Introduction
Optical fiber sensors have attracted great research interests and been widely used to sense temperature [1] , [2] , magnetic field [3] , [4] , chemical gas [5] , liquid concentration [6] , surrounding refractive index [7] , curvature [8] or others factors due to their unique advantages of compact size, low cost, high sensitivity, and immunity to electromagnetic interference. As an effective way of in-situ monitoring in the application of health inspection of large buildings such as bridges and dams, optical fiber sensor is usually used to measure strain. Several types of optical fiber strain sensors have been proposed, such as fiber Bragg gratings [9] - [12] , Fabry-Perot interferometer [13] , microfiber in-line Mach-Zehnder interferometer [14] , and strain sensors based on multimode interference [15] - [18] . These optical fiber strain sensors exhibit good performance in sensing strain. However, the cross sensitivity between strain and temperature is one of the critical problems, which requires further necessary treatment of temperature calibration.
Photonic crystal fiber (PCF) as a new sensing media presents a low thermo-optical coefficient because of the array of air holes distributed longitudinally along the fiber. The temperature insensitive strain sensors based on PCF in-line Mach-Zehnder interferometer (MZI) have been proposed [19] - [23] . Such strain sensors based on PCF in-line MZI structure (PMS) have advantages of high sensitivity, simple manufacturing technology and compact structure. But the visibility (the spectral transmission difference between a peak and its adjacent dip) of the response spectrum is relatively low and its 3-dB bandwidth is usually wide due to the limited interference effect between the core and cladding modes. The strain is measured usually by monitoring the change of the dip central wavelengths. So the accuracy and resolution will be reduced by the low quality of the response spectrum. Recently, some fiber laser strain sensing systems have been demonstrated [24] - [26] with high visibility and narrow bandwidth, which possess the inherent high sensing accuracy and resolution. In these schemes, monitoring the beat frequency or the wavelength shift is usually utilized to measure the strain dynamically.
In this paper, we take advantage of the temperature insensitivity PMS in a fiber ring cavity laser strain sensor. The PMS is used as optical band-pass filter of the laser cavity and acts as a strain sensing component. The fiber ring cavity plays a role of lasing signal which contains the information of induced strain on the structure. High strain sensing sensitivity (2.1 pm="), high visibility (45 dB) and narrow 3-dB bandwidth (0.3 nm) are achieved using this fiber ring cavity laser strain sensing method. A dimensionless quality factor Q value is defined to describe the sensing comprehensive performance including the sensitivity, accuracy and resolution. Fig. 1 illustrates a schematic diagram of the proposed PMS. A section of PCF is spliced between two standard single mode fibers (SMFs), i.e., the lead-in and the lead-out SMFs. Two collapsing areas (CAs) are created at the two spliced joints when splicing SMFs with PCF. Inside the CA, the incident light is divided into the core and cladding modes of PCF and recombined in the lead-out SMF, resulting in an interference pattern.
Basic Principle of the Strain Sensing Based on PMS
The intensities of the core and cladding modes are I 1 ðÞ and I 2 ðÞ. IðÞ is the intensity of incident fundamental mode. is defined as the ratio of fundamental mode emitted into the core and the cladding modes of the PCF at the lead-in spliced joint. So the intensities of core and cladding modes can be expressed as I 1 ðÞ ¼ IðÞ and I 2 ðÞ ¼ ð1 À ÞIðÞ. The output interference intensity from the lead-out SMF is
where is the phase difference between the core and cladding modes in the PCF and can be approximated as ¼ 2Án eff L=, Án eff is the effective refractive index difference between the core and cladding modes, L is the PCF length and is the light wavelength in vacuum. When satisfies ¼ 2m, where m is an integer, the transmitted intensity peaks appear at the wavelengths: peak ¼ Án eff L=m. By differentiating peak with respect to L, the m th peak wavelength shift can be given as [27] 
It is known that the wavelength shift caused by the induced strain on PMS is a linear function of the corresponding strain in an appropriate range. The dip wavelength shift also shows the similar trend. From (2), the strain sensing sensitivity can be obtained as
So, it can be found that the strain sensitivity S only depends on the change of Án eff caused by the extended PCF length L @ðÁn eff Þ=@L ð Þwhen there is a strain induced on the PMS from (3). From (1), we can find that the output intensity only depends on the ratio at the dips or peaks of interference fringe when the incident intensity is constant. The axial strain on the PMS would induce a slight physical deformation of the spliced joint. So, the ratio and the output intensity could change slightly.
Experiments and Results

Fabrication of PMS
A section of PCF (YSL photonics SM-10 PCF) with a length of 15 mm is spliced between two SMFs (Corning SMF-28) by using a commercial splicer (Fujikura FSM-100P+). The microscope image cross section of PCF is shown in Fig. 2(a) . CAs are observed at the spliced joints, as shown in Fig. 2(b) . During the splicing process, the overlay of PCF and SMFs, the arc discharge intensity and time need to be carefully adjusted via the hand mode of the splicer to get the highest visibility of 23 dB in the resonant spectrum, as shown in Fig. 2(c) . In this study, we set the according parameters for splicing SMF and PCF as follow: overlay distance: 45 m, main discharge power: 293 bit, main discharging time: 2100 ms. More than one cladding modes are excited in the collapsing area between the lead-in SMF and PCF. Therefore, more than one frequency components can be observed in the interference fringe. As a result, the fringe is not uniform, and the extinction ratio changes with the wavelength [19] , [20] , [22] [see Fig. 2(c) ]. It is found the PMS has an insertion loss of nearly À6.7 dB from Fig. 2(c) .
Strain Sensing Based on PMS
The PMS and the experimental setup for the strain sensor based on the PMS are shown in Fig. 3(a) and (b) , respectively. A 1550 nm wavelength super luminescent diode (SLED) (B&A Technology, SL3215-1550) and an optical spectrum analyzer (OSA) (YOKOGAWA, AQ6370C) are connected with the lead-in and lead-out SMFs, respectively. The PMS is fixed by two clamps placed on a level table, and the distance between two clamps is 33.3 cm. The axial strain is induced on the PMS by rotating the micro-positioner (precision: 10 m) of the right clamp at a step of 50 m which converts into the axial strain of 150 ".
Considering the different visibility and 3-dB bandwidth of the resonant spectrum, the wavelength shifts of valley A, B, and C (labeled in Fig. 2(c) ) are selected to study the strain sensing properties based on the PMS comparatively. A typical interference fringe of valley A with different tensile strain is illustrated in Fig. 4(a) , and the center dip wavelengths and intensities versus the strain are shown in Fig. 4(b) .
When the tensile strain is induced on the PMS, according to the analysis of Section 2, the dip wavelength reduces as the strain increases. As shown in Fig. 4 (a) the dip wavelength decreases from 1452.1 nm to 1446.9 nm and the strain sensitivity of 2.0 pm=" is achieved in a linear strain sensing range of 300-1800 ". But the strain sensitivity reduces a little when the strain exceeds 2100 " (see Fig. 4(b) . The physical deformation of PMS would be approaching the saturated value when the induced strain is big enough. Then, the change of Án eff caused by the extended PCF length L @ðÁn eff Þ=@L ð Þwould be reduced. So, according to (3), the strain sensitivity would reduce for relatively big induced strain. The intensity variation sensitivity of 0.0013 dB=" is obtained in the linear range 300-1800 ", which is relatively low compared with the one in reference [28] 0.023 dB=". The above strain measurements have good repeatability because of the simple and compact PMS, the strong strength of the spliced joints. The strain sensitivity obtained from Valley B and Valley C are 2.02 pm=" and 2.08 pm=", respectively. The visibility of the interference fringes are 17.6 dB, 10.2 dB, and 9.3 dB for Valley A, Valley B, and Valley C, respectively, and their corresponding 3-dB bandwidth are 0.8 nm, 3.2 nm, and 2.5 nm. These strain sensitivities based on the PMS are comparable to or even better than those reported in reference [20] (1.84 pm="), [21] (0.31 pm=") and [22] (2.1 pm=").
Strain Sensing Based on Fiber Ring Cavity Laser with PMS
In order to improve the comprehensive sensing performance of the PMS strain sensor, especially enhance the visibility of the response spectrum and reduce the corresponding 3-dB bandwidth, a strain fiber ring cavity laser sensor based on the PMS is proposed and experimentally investigated as shown in Fig. 5(a) . It is composed of a 980 nm pump light source, a section of Er-doped fiber, a wavelength division multiplexer (WDM), and a PMS fixed by two clamps. A C-band isolator is inserted into the fiber ring cavity for the unidirectional light, and a 10:90 coupler is employed to lead out the laser light for wavelength monitoring. A band-pass filter (1550-1562 nm) in the transmission spectrum is marked as peak A in Fig. 2(c) , which ensures fiber lasing at the central wavelength of Peak A. The spectra corresponding to different strain using the PMS transmission (Peak A) and ring cavity laser sensing are shown in Fig. 5(b) and (c) , respectively.
The transmission spectrum of the PMS and the lasing wavelengths blueshift with the increase of the axial strain, which is shown in Fig. 5(b) and (c) . The central wavelength variations as a function of axial strain are plotted in Fig. 5(d) . The central wavelength decreases monotonically with the induced strain on the structure. A linear fitting to the experimental results presents a strain sensing sensitivity of 1.9 pm=" and 2.1 pm=" in the range of 0-2100 ", which reveals a good agreement between the center wavelength of PMS filter (Peak A) and the fiber ring cavity laser output. The R 2 values of 0.9979 and 0.9902 indicate that the proposed fiber ring cavity laser based on the PMS sensor is more accurate. When the strain exceeds 2100 ", the strain sensitivity reduces a little because of the strain approaching the saturated value. A higher visibility ($45 dB) and narrower 3-dB bandwidth ($0.3 nm) of the resonant spectrum [see Fig. 5(c) ] are obtained with the fiber ring cavity laser sensor, compared to the visibility ($5.2 dB) and 3-dB bandwidth ($9.2 nm) with the PMS sensing structure shown in Fig. 5(b) . The sensitivity, visibility and 3-dB bandwidth of this strain sensing spectrum could be further improved via optimizing the system parameters, such as the fabrication of PMS, the selection of working wavelength, the amplification of the fiber laser and the length of PCF. The resolution of the OSA used in this experiment is 20 pm, so the detection limit of 9.5 " is achieved.
Discussion
Considering the comprehensive sensing properties of the strain sensor, a quality factor Q value is defined in this paper. High sensitivity is usually preferable in practical application. If strain sensitivity (S) is much smaller than the 3-dB bandwidth (FWHM) of the resonance dip or peak, the sensing resolution would be low. Higher visibility (V ) means a higher sensing accuracy. Hence, the product of S, S=FWHM, and V can be used to express the Q value
where the K is a unit coefficient with " 2 =ðnm Á dBÞ to normalize the physical dimension. Then the Q value is just a constant without dimension, and used to describe the comprehensive sensing quality including the sensing sensitivity, resolution and accuracy. The corresponding Q value of strain sensing with the PMS based on Valley A, Valley B, Valley C, Peak A, and the Q value of fiber ring cavity laser strain sensor with PMS (FL-PM) are presented in Table 1 .
Compared with the strain sensing based on the peak of transmission spectrum (Peak A), the Q value of strain sensing based on fiber ring cavity laser with a PMS improves nearly 330 times, and has enhanced more than 7 times compared with the traditional strain sensing using the dip transmission spectrum (Valley A). The more detailed comparison between the corresponding experimental results in references and this study is shown in Table 2 . We can find that the strain sensor based on fiber ring cavity laser with a PMS has more than 9 times Q value. It means that the strain sensor based on a fiber ring cavity laser improves the comprehensive sensing quality. That is mainly because the fiber ring cavity laser enhances the visibility of resonant spectrum and narrow the corresponding 3-dB bandwidth by using its amplification and TABLE 2 Comparison between the reported strain sensors based on PMS and this study, where all the wavelengths are around 1550 nm wavelength selection. Compared with the length of strain sensing component in [19] , [21] , [22] , the proposed fiber ring cavity laser strain sensor component has a compact structure, i.e., the length of PCF used in that cavity is just 15 mm.
The PCF used in this experiment consists of a pure-silica core with a diameter of 9.5 m and three layers air holes with a diameter of 5.8 m. It has a low thermo-optical coefficient. According to the results [20] - [22] , the temperature sensitivity of this kind of PMS should be very low and can be neglected when it is operated in normal environmental condition without very large temperature variations.
Conclusion
In summary, a fiber ring cavity laser axial strain sensor based on PMS is studied experimentally. A high sensitivity of 2.1 pm=" is achieved within a linear sensing range from 0 to 2100 ", functioned with the varied lasing central wavelength from 1557.352 nm to 1553.176 nm. Moreover, comparing with the reported strain sensing measurement using the PMS, the comprehensive quality (Q value) of this new strain sensor is improved more than 9 times. For the high sensing comprehensive quality, this new fiber laser strain sensor is valuable in application of a more exactness strain measurement and potential applications in long-distance axial strain sensing system.
